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ABSTRACT

Fiber-type dye sensitized solar cells that are non-metallic, flexible, and thread-like in structure have many
potential military and functional textile applications. With the use of quantum dots (QD), exciton transfer
facilitators (Phenyl-C61-butyric acid methyl ester -PCBM and Poly(3-hexylthiophene-2,5-diyl-P3HT), and
careful preparation of the TiO2 oxide layer deposited on the carbon fiber working electrode, an optimized
efficiency of 7.6% was obtained. Carbon nanotube yarn (CNTY) was used to prepare both the working and
counter electrodes of the fabricated cells. TiCl4 annealing of the TiO2 layer was carried out and the resulting
oxide layer morphology was found to be very uniform. The quantum dots, cadmium sulfide (CdS) and cadmium
selenide (CdSe), were deposited directly onto the surface of the nanoporous oxide layer using chemical bath
deposition (CBD) . Also, the P3HT and PCBM were applied and deposited via CBD on the working electrode as
a bulk heterojunction material. Potentiometric characterization of the prepared cells performed at different cell
lengths and showed that the maximum efficiency was obtained for cells approximately 3.5 cm in length.
Photovoltaic performance of these solid state three dimensional cells was also carried out for different cell
configurations.

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/
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1. INTRODUCTION
Dye sensitized solar cells (DSSCs) were originally developed in the late 1960s after it was discovered
that organic dyes in conjunction with an oxide electrode can produce electricity (Gerischer et al., 1968). Since
then, the comparatively low cost of DSSCs to other solar cell technologies and their ability to be manufactured
out of flexible and three dimensionally structured materials has prompted significant research into increasing the
power conversion efficiency of DSSCs (Fan et al., 2008).
The principle component of DSSCs is the dye/metal oxide layer interface (the two innermost
components visible in the abstract graphic) where electron-hole pairs (Frenkel excitons) are generated when
energetic photons excite the dye molecules adsorbed on the metal oxide surface (Thavasi et al., 2009). If the
nanostructured metal oxide layer is only 10µm thick, an individual photo-generated electron will visit 106
nanoparticles before reaching the cell’s cathode (Hu et al., 2007). Thus, when preparing the TiO2 (metal oxide)
surface it is very important to minimize surface defects which can act as hole traps and lower overall cell
efficiency. To this end, many methods have been used to improve the characteristics of the oxide layer either
during deposition on the underlying substrate (Domtau et al., 2016; Samsuri et al., 2017) or post deposition (Li et
al., 2016). TiCl4 treatment of the TiO2 surface acts to remove surface irregularities by effectively depositing a
nanoporous TiO2 layer over the microporous TiO2 layer, which fills in any gaps in the TiO2 thin film. TiCl4
treatment alone has been reported in the past to increase cell efficiency by up to 1.3 fold (Lee et al., 2012).
Furthermore, the TiO2 layer produced by the sol-gel process used in this work is thick enough to promote light
scattering according to Mie theory (Fu and Sun, 2001).
Decoration of the TiO2 surface with both CdS (bandgap of 2.42 eV) and CdSe (bandgap of 1.84 eV)
quantum dots (hemispheres visible in the abstract graphic) can further improve cell performance by allowing for
efficient conversion of photons over a wider energy range than is possible with the N719 dye/TiO 2 layer alone
(Lin et al., 2007; Sabet and Salavati-Niasari, 2014). Quantum dots also have an advantage in that their optical
properties and band gaps are tunable by adjusting the size of the quantum dots (Zou and Sun, 2014), which
potentially allows for tuning of cell characteristics to maximize efficiency as well as mixing of quantum dots of
multiple sizes to easily prepare multijunction solar cells (Lei et al., 2017). Additionally, quantum dots can
generate multiple excitons if absorbing a photon with sufficient energy (Kundu et al., 2017), and any
multiexciton generation will improve the observed power conversion efficiency. CdS quantum dots, with their
relatively large bandgap are able to absorb incident high energy photons that would otherwise be absorbed less
efficiently by the dye layer, and CdSe quantum dots with their lower bandgap is able to convert lower energy

photons than CdS. The somewhat broad size distribution of the QDs also contributes to a more inclusive photon
adsorption range. Finally, the lowest energy photons can be converted by the extensively studied dye N719
(Koops et al., 2009), which itself begins electron injection at ~775nm and thus has an effective bandgap of 1.60
eV (Bisquert, 2011). A potential hurdle is that degradation of the quantum dots via photo corrosion may occur if
direct contact is made between the electrolyte and the quantum dots, so it is vital that they be well-protected
from the electrolyte.
Materials with high electron affinities (electron transporters) and others with low ionization potentials
(hole transporters) have been employed in DSSCs to aid in electron-hole pair dissociation. Hole transport
materials are readily ionizable and help to transport holes away from the photoactive dye / oxide layer interface,
thus improving charge separation and overall cell efficiency (Abrusci et al., 2011; Chevrier et al., 2017; Kroon et
al., 2008). Poly(3-hexylthiophene-2,5-diyl) (P3HT) is a conductive/fully conjugated thiophene polymer that can
aid in hole transport away from the photoactive surface (Chevrier et al., 2017), and has been well studied in
DSSC applications (Zhao et al., 2010). Electron transport materials have high electron affinities and transfer
electrons away from the dye/metal oxide interface, and like hole transport materials, help to improve overall cell
efficiency by lowering the incidence of charge recombination (Pham et al., 2017; Zhou et al., 2010). PhenylC61-butyric acid methyl ester (PCBM) is a fullerene compound that readily accepts electrons due to its large
conjugated network, and thus is well suited for use in DSSCs as an electron acceptor/transport layer (Zhou et al.,
2010). Because exciton diffusion in both PCBM and P3HT is limited, deposition of these materials separately as
homogenous layers can impair cell efficiency, thus deposition of a P3HT/PCBM matrix (bulk heterojunction) is
preferable to avoid diffusion-limited electron/hole transfer (Kroon et al., 2008).
DSSCs that are flexible and possess cell geometries that differ from the traditional flat two-dimensional
panel type have been the topic of a fair amount of research due to their inherent advantages over rigid flat panels.
Specifically, flexible cells have the ability to absorb light from any incident angle and may be deployed in
applications requiring flexibility, such as incorporation into fabric (Fu et al., 2013). The degree of flexibility
exhibited by previously prepared flexible cells (Fan et al., 2008) is somewhat limited by the use of a metallic
working electrode. Carbon nanofiber is an inexpensive, strong, flexible, conductive, and chemically inert
substrate that is potentially ideal for use in DSSCs, as both the working and counter electrodes (Arbab et al.,
2016; Jaksik et al., 2017). Carbon nanofibers for use as DSSC electrodes must be well aligned in the direction of
the fiber to maximize conductivity which can be accomplished via extrusion during the manufacturing process
(Kim et al., 2017). Furthermore, TiO2 / CNT hybrid nanostructured have been shown to natively exhibit better
energy conversion efficiencies due to the intricate nanostructure of the CNT material enhancing charge
separation efficiency compared to relatively smooth metallic electrodes (Dembele et al., 2013).
Herein, we present the preparation of novel, flexible, three dimensionally structured dye sensitized solar
cells utilizing carbon nanofiber working and counter electrodes, a TiCl4 treated TiO2 photoelectrode, a P3HT
hole transport layer/PCBM electron transport layer, and CdS/CdSe QD photosensitizers. The structure of the
photovoltaic cells resembles that of twisted wires with a central counter electrode surrounded by five working
electrodes as shown in the abstract graphic. The cells consist of a wound carbon nanofiber working electrode
coated with TiO2, then layered with CdS and CdSe quantum dots, a homogenous PCBM / P3HT bulk
heterojunction layer, N719 dye, and finally wrapped with a carbon nanotube yarn counter electrode and wetted
with a semi solid-state iodine redox-couple based electrolyte.

2. METHODS
The working and counter electrodes were prepared from carbon nanotube yarn (CNTY), which was
purchased from Nancomp Technologies Incorporated (USA). For preparation of the working electrode, the
polymer coating applied to the CNTY upon manufacturing was removed via calcining in air and successive

sonication in acetone, Milli-Q water, and a mixture of Milli-Q water, acetone, and 2-propanol for approximately
1 minute each using low intensity pulses. The yarn was then air dried at room temperature before being rinsed
with each of the solvents once more and then functionalized by treating with 70% nitric acid for a period of
twelve hours in a shaker at 60 RPM. After functionalization, the yarn was subjected to similar washing and
drying processes to ensure that the polymer coating was removed. The working electrode was composed of six
CNTYs twisted together and the average CNTY diameter was 25 µm, thus giving the overall average cell
diameter as ~69.6 µm due to pentagonal, rather than perfect hexagonal packing, around the center electrode.
Deposition of the microporous TiO2 layer was performed using a nano-sol solution composed of
of titani
isopropo ide and
glacial acetic acid in
of isopropanol he or ing electrode as
s b erged in this sol tion for one in te follo ed b calcination at
C for 10 minutes. This process was
repeated three times with the final calcination lasting
in tes at
C in atmospheric condition.
One solution using 30 ml of deionized water, 2 ml of glacial acetic acid, 0.5 ml of TEA, and a few ml of TiP
were mixed in a beaker for 5 min under vigorous stirring. Another solution of 30 ml of deionized water with
nitric acid (70 wt %) was stirred for several min. The two solutions were mixed together, stirred for 30 min, and
hydrothermally treated in an autoclave for overnight. Thereafter, 5.2 g of polyethylene glycol was added to the
sol and 50 % by volume of the solvent evaporated under vigorous stirring at 100 °C. The TiO 2 film anchored
onto the yarn using chemical bath deposition process and was then calcined at 300 °C for 5 min. The coating
process was repeated 5 times to ensure a TiO2 film thickness of 15-20 µm covered the yarn. The deposition of
nanoporous TiO2 was completed by soaking the prepared working electrodes in 0.05M TiCl4 for twelve hours
(Uddin et al., 2014).
CdS and CdSe quantum dots were assembled on the TiO2 film using a chemical bath deposition method.
CdS quantum dots were deposited by submerging the electrode in a dilute ethanolic solution of Cd(NO 3)2 for 5
minutes followed by dipping into a methanolic solution of Na 2S for 5 minutes. The selenium source was
prepared by refluxing Se (0.3M) for 8 hours at 7 C using a dilute aqueous solution of Na 2SO3. CdSe was
deposited on the film by dipping the yarn into an ethanolic solution of Cd(NO 3)2 for 5 minutes followed by
rinsing with ethanol for 1 minute. The working electrode was then dipped into the Na 2SeSO3 sol tion for one
ho r at C.
After being air dried at room temperature, the working electrodes were placed into the PCBM / P3HT
solution for twelve hours. A solution of P3HT in chloroform (5 mg/mL) and PCBM in chlorobenzene (5 mg/mL)
were prepared separately and stirred for 2 minutes prior to being mixed in a 1:1 proportion. Finally, the WE was
submerged in a 0.003 weight percent solution of the dye sensitizer N719 (Di-tetrabutylammonium cisbis(isothioc anato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium (II)) in 1:1 tert-butanol / acetonitrile for 24
hours under darkness. The N719 solution was prepared by mixing 20 mL of N719 in tert-butanol/acetonitrile
solution at a 1:1 ratio. The acetonitrile was added to the N719 under stirring and then tert-butanol was added to
encourage dissolution of the N719 and recrystallization on the working electrode.
The counter electrode was prepared by washing the CNTY in 1.5M sulfuric acid and 0.5M nitric acid for
3 minutes followed by thermal treatment at 300 oC under air flow (~100 ml/min). The counter electrode was then
washed with Milli-Q water for 3 minutes and dried at room temperature, soaked in Triton-X for 5 minutes, and
air dried once more at room temperature. The counter electrode was then washed with Milli-Q water once more
under light stirring. Final functionalization of the counter electrode took place by sputtering with platinum target
at 8mA for 40s yielding a particle size of approximately 15-20nm on the surface of the CE. The CE was then
wound around the working electrode with a thread pitch of approximately 1 mm to complete the solar cell.
Photocurrent-voltage performance was evaluated using a VeraSTAT3 potentiostat (Princeton Applied Research)
running cyclic voltammetry with a scan rate of 50 mVs-1. The simulated sunlight for illuminating the cells was
provided by a Honle solar simulator 400, with an AM 1.5G spectrum. Immediately prior to characterization the
cells were saturated with the iodine redox couple-based electrolyte. The electrolyte consist of 0.5M tert-butyl

pyridine in 3-methoxy propionitrile (3-Me PRN) and 5% Poly (vinylidene fluoride-co-hexafluoropropene)
(PVDF-HFP). The PVDF-HFP ensures the conductive and solid state of the electrolyte.

3. RESULTS
3.1 Morphological Characterization

Figure 1. a: SEM image of the CNTY used to prepare the solar cells. b: a high resolution SEM image (zoom on
image a) of the CNTY. c: SEM image of the CNTY after coating with TiO 2. d: AFM image of the CNTY after
coating with TiO2 and annealing with TiCl4. e: AFM image of CNTY prior to functionalization.
The morphology of the carbon nanotube yarn used to prepare the cells was characterized via atomic
force microscopy (AFM) and scanning electron microscopy (SEM) (Figure 1). AFM imaging of the carbon
nanofiber before coating reveals the individual carbon nanotubes. The high degree of interalignment (Figure 1-a

and Figure 1-e) is desirable as it increases the electron transporting ability of the prepared carbon nanofiber
electrodes. The TiO2 coated carbon nanofiber was also imaged and the coating appeared to be uniform and
smooth across the surface of the fiber and free of cracks that could trap excitons (lowering overall cell
efficiency) or lead to short-circuiting of the cell. As shown in the above images and mentioned in the
introduction, the high surface area of the CNT structure helps to increase the surface area of the oxide layer to
improve performance when compared to an unstructured TiO2 substrate.
The TiO2 layer imaged above (Figure 1) was deposited using a sol-gel method. The microporous TiO2
deposited by this method is uniformly distributed over the surface of the CNT yarn and takes on the threedimensional structure of the underlying yarn. Calcination of this layer promotes the formation of TiO 2
nanoparticles which have improved surface area compared to the freshly deposited TiO 2. TiCl4 treatment of the
deposited TiO2 layer ensures that any cracks or other surface irregularities are covered with nanoporous TiO2.
The microporous / nanoporous TiO2 structures on the CNT yarn are large enough to promote light scattering
according to Mie-theory (Sauvage et al., 2010), which is vital for ensuring that as many incident photons as
possible are harvested and none are allowed to penetrate the oxide layer.
The P3HT / PCBM layer was deposited over the working electrode, microporous/nanoporous structured
TiO2 layer, and the CdS/CdSe quantum dots. This layer serves multiple purposes as outlined above including
prevention of electron-hole recombination, facilitation of charge transfer between the dye, quantum dots, oxide
layer, and protecting the quantum dots from corrosion by the electrolyte. Fortunately, uniform deposition of the
P3HT/PCBM is not difficult to achieve using a solvent bath deposition method and a uniform blend of PCBM
and P3HT. Gradation of this bulk heterojunction layer could theoretically further improve cell photo conversion
efficiency (Fukuda and Suzuki, 2016), however the extreme difficulty in applying a coating method with which
grading would be possible to these three dimensionally structured cells precludes this as an option.
Finally, the counter electrode was applied to the cell. CNTs have proven to be an ideal material for use
as counter electrodes in DSSCs, as their extremely high surface area allows for ready reduction of the electrolyte
that diffuses into the nanostructured CNT counter electrode, due to the large number of potential reduction sites
(Han et al., 2009). The flexibility of the CNT yarn also allows it to be easily wrapped around the central
electrode at any pitch rate, which further allows for optimization of the cell performance. The flexibility of the
CNT yarn also ensures that good contact is made between the counter electrode and the other components of the
cell which is important as non-uniform contact can impair the rate of electrolyte reduction which can bottle-neck
overall cell efficiency.

3.2 J/V Curves and Cell Efficiency
Figure 3 shows the cell characteristics, namely short circuit current density (Jsc), open
circuit voltage (Voc), and overall perfor ance (η) for the PV cells The current density-voltage (J/V) curves
obtained from cell one (Figure 2-a) show a clear trend towards decreasing cell efficiency as cell length is
increased past 3.0 cm, which can be at least partially attributed to increased resistivity of the working and
counter electrodes themselves at increased cell lengths. At 3.0 cm cell four exhibited a current density of 9.94
mA/cm2, and at 4.75 cm and 5.0 cm in length cell four produced a current density of 13.0 mA/cm 2 and 11.89
mA/cm2 respectively. The cells with 4.75 cm length showed the better Jsc (short circuit current density)
performance in comparison with shorter and longer cells. The carbon nanofiber used to prepare the electrodes
has a standard resistivity of 3.06 ×10-4 Ω.cm , which is high compared to other metal-based electrode materials
(Uddin et al., 2013). The longer cells produce comparatively higher resistivity. Additionally, the effects of
fabrication defects and cell irregularities are potentially amplified with increased cell length. Due to the number
of components within the cell it is difficult to narrow the reduction in efficiency down to a single causal factor.
Furthermore, from Figure 2-b it is apparent that a number of cells displayed similar performance at 3.0 cm length
which demonstrates the consistent performance of cells prepared using this experimental technique.

Figure 2. J-V curves for a: cell 4 at three different cell lengths and b: cells 1, 2, 3, and 4 at 3.0 cm length.
Figure 3-a showed the best performance out of all of the prepared cells (Cell 5) and displayed consistent
performance up to 5.0 cm in cell length with a maximum average conversion efficiency of 7.6% at 4.0 cm (vide
infra). Figure 3-b summarizes the photon to energy conversion efficiency data for the seven prepared cells,
showing that the most consistent performance was obtained with a cell length of 3.5 cm, while the maximum
measured efficiency was recorded for a cell length of 4.0 cm. Theoretically, the only effect that cell length
should have on cell efficiency should be from the increased resistivity with increasing lengths of carbon
nanofiber; however, as noted above, defects introduced by manual cell preparation likely account for the
apparent length dependence of cell efficiency.
The 3.0 cm length cell shown in the Figure 2-a exhibits an apparent increase in current density as the
voltage across the cell increases, with a maximum observed power density at a cell voltage of approximately
0.21 V. The increase in current density is also readily apparent in Figure 3-a in the 4.0 cm length cell. This
anomaly may potentially be explained as a result of the interfacial structure between the bulk heterojunction
materials (P3HT and PCBM) used in the construction of the cell and the exciton generating components of the
cell (CdS/CdSe). The PCBM/P3HT bulk heterojunction has been previously noted to have an extremely high
quantum efficiency, therefore it is unlikely that this irregularity is a result of the internal structure of the bulk
heterojunction material (Schilinsky et al., 2002).

Figure 3. a: J-V curves with various cell length and optimized CE to WE pitch distance of approximately 1.0 mm
and b: average efficiency data for cells 1, 2, 3, 4, 5, 6, and 7 which shows that in general maximum efficiency
was obtained around 3.5 cm in cell length.
3.3 JSC, VOC, and Fill Factor
The average JSC and VOC (open circuit potential) values for the prepared cells show only weak trends (Figure
4-a), with the average JSC appearing to peak around 3.5 cm, which was also the cell length that showed the
highest efficiency. The average fill factor remained mostly constant as cell length was increased. Defects due to
imperfect nucleation/crystallization introduced during grafting of the photoactive nanophase over the carbon
structures and during characterization (such as oxide layer deterioration) along with the innate resistivity of the
cell components are likely responsible for decreasing cell performance as the cell length was increased past 3.0
cm. Furthermore at small cell lengths, difficulties inherent to connecting the cells to the measuring equipment
and forming good connections with the silver paste used to connect the cells can partially account for the
decreased JSC (~5mA/cm2) and VOC (~0.1V) (Figure 4-a).

Figure 4. a: Average JSC and VOC with respect to cell length across all cells and b: average fill factor with respect
to cell length across all cells.
The fill factors for each cell at its maximum efficiency are presented in Figure 4-b. It has been estimated
that the maximum attainable value of the fill factor for dye sensitized solar cells that utilize bulk heterojunction
materials is limited to 0.6-0.7, which makes our results particularly promising (Peumans and Forrest, 2004). As

shown in Figure 4-b, the fill factor observed for the cell that displayed maximum efficiency (cell 5) was around
0.47. The fill factor for the cells increased further as cell length was increased towards 5.0 cm, which suggests
that further optimization can produce long cells with high efficiencies. The limiting process impacting the fill
factor is charge separation within the bulk heterojunction materials, so it may be stated that the charge separation
obtained using PCBM and P3HT in the present context of our cells was exceptional. The combination n-TiO2
and m-TiO2/Cds/CdSe (CdS/CsSe lower the bandgap of the nanoporous TiO 2) along with incorporated P3HT
and PCBM results in rapid electron transport through the 3-D fibrous and interconnected electrode layers.
Particle size variation in the CdS-QDs allows for the quasi-Fermi level arrangement and consequently, results in
a cascade of energy levels. This level structure is in the order of TiO2 < CdS < CdSe (Uddin et al., 2014).Thus,
the insertion of a CdS layer between TiO 2 and CdSe elevates the conduction band edge of CdSe, giving a higher
driving force for the injection of excited electrons out of the CdSe layer (Lee et al., 2008). Note that the
engineering of the electrode’s interfacial properties by playing with QDs and conductive electrolyte with
transparent protective micro film, the open-circuit voltage and short circuit current density increased multiple
times with respect to cells assembled with metal micro wire (Φ =
μ ) as a standard reference CE (Uddin et
al., 2014). The incorporation of conductive materials into the mesoporous structure of TiO2 nanoparticle
networks generally stimulates many surface states that become potential recombination sites and therefore,
causes a significant decrease in the open circuit voltage of DSSCs. The success of our cell with enhanced energy
conversion efficiency can be attributed to the improved suppression of recombination losses between the
photoinjected electrons in the TiO2 film and liquid electrolyte due to the presence of the two relevant QDs in this
study (Chen et al., 2012). We investigated these cells with Incident Photon to Current Efficiency (IPCE). The
solution-chemistry / diffusion-based nature of the conductive electrolyte and our latest IPCE instrumentation
with a precise beam, which relies on a lock in current amplifier operating between 15-90 Hz along with a
chopper for the light source at the same frequency, complicated data collection. In addition, the micro-structured
physical shape of the cells makes quantitative analysis of the IPCE data complex. We are further optimizing the
IPCE performance of these micro-structured three-dimensional cells.
In comparison to previous wire-shaped flexible cells with solid state electrolytes and reportedly good stability,
this CNT based fibrous cell showed enhanced photo-conversion efficiency using the same solar irradiation (AM
1.5). The fast electron transport, in combination with the nanostructured photoactive film (Fig. 1d, and 3a) and
interaligned CNT conducting support with high surface area (Fig. 1 b, d and e), should play an important role for
long and complex-shaped cells. This test cell yielded an enhanced energy conversion efficiency even after aging
for 50 h under 100 mW cm-2 irradiation (AM 1.5) cycles at an elevated 45 °C. The heat cycle durability test
conducted over a temperature range from 0 °C to 45 °C also showed the cells had substantial stability over
multiple irradiation cycles (100 mW cm−2). Moreover, the demonstrated efficient photo-conversion performance
with remarkable stability at a certain range of temperature and structural flexibility (Uddin et al., 2014).
However, the obtained maximum overall efficiency values (Figure 4) are still not substantially competitive with
flat rigid polycrystalline panels (which typically have efficiency values well over 25%). Efficient utilization of
broad-spectrum solar light is necessary for high observed conversion efficiencies, and with the use of N719 dye
as well as CdS and CdSe nanoparticles the effective range of efficient photon absorption/conversion is large but
could still be further increased with additional sensitizers.
3.4 Series and Parallel Performance

Figure 5. a: J/V curves for cells 6 and 7 connected in both series and parallel at differing cell lengths and b: a
schematic diagram showing the cells connected in parallel.
Series and parallel J/V curves were also collected for two cells (Figure 5-a,b) and as expected the JSC for
the cells connected in parallel was roughly twice the current measured for the cells in series, while the VOC of
the cells connected in series was roughly twice the voltage measured for the cells connected in parallel. On
average, the cells performed as expected with series cells having VOC values approximately twice as large as
those of individual cells. Further, cells attached in parallel had about twice the short circuit current density of
individual cells. The series results are notable as they confirm that the series resistance of the fabricated cells is
low; the short circ it c rrent of t o cells connected in series asn’t observabl lo er than do ble the short
circuit current of a single cell. Additionally, the shunt resistance of the cells can be inferred to be reasonably
high as the increased voltage load i posed b connecting the cells in series didn’t result in a short circuit.

4. CONCLUSIONS
In summary, flexible three-dimensional carbon nanotube-based dye sensitized solar cells utilizing CdS /
CdSe quantum dot sensitizers and a P3HT / PCBM bulk heterojunction were prepared. The cells had desirable
morphological characteristics and exhibited a maximum average photon to energy conversion efficiency of
7.6%. The cells also performed as expected when connected in series and parallel arrangements which suggests
that they are well suited to applications in extended systems composed of multiple cells. Furthermore, the threedimensional structure of the cells and their ability to absorb incident light at any angle, combined with the innate
flexibility of the carbon nanofiber base makes them well suited for deployment in power-generating textiles. We
have shown that these innovative, low cost and three dimensional optoelectronic-electrodes show stable PV
performance with the enhancement of special hybridization with P3HT-PCBM. The hybrid interface between the
inorganic CdS–CdSe QD layer and theP3HT-PCBM inhibits the interfacial recombination of the photoinjected
electrons from TiO2 to the electrolyte.
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Highlights





3-D dye sensitized solar cells based on CNT yarn exhibit 7.6% efficiency
Carbon nanotube yarn based cells are flexible
Cadmium sulfide and cadmium selenide sensitizers increase efficiency
Semi-solid state electrolyte makes cells stable and flexible

